Abstract Variable-number-of-tandem-repeats (VNTR) markers are increasingly being used in population genetic studies of bacteria. They were recently developed for Pasteuria ramosa, an endobacterium that infects Daphnia species. In the present study, we genotyped P. ramosa in 18 infected hosts from the United Kingdom, Belgium, and two lakes in the United States using seven VNTR markers. Two Daphnia species were collected: D. magna and D. dentifera. Six loci showed length polymorphism, with as many as five alleles identified for a single locus. Similarity coefficient calculations showed that the extent of genetic variation between pairs of isolates within populations differed according to the population, but it was always less than the genetic distances among populations. Analysis of the genetic distances performed using principal component analysis revealed strong clustering by location of origin, but not by host Daphnia species. Our study demonstrated that the VNTR markers available for P. ramosa are informative in revealing genetic differences within and among populations and may therefore become an important tool for providing detailed analysis of population genetics and epidemiology.
Introduction
Bacteria of the genus Pasteuria, endospore-forming, Grampositive bacteria members of the Bacillus-Clostridium clade, are common parasites of nematodes and crustaceans. They can be highly virulent, such as P. ramosa, a pathogen of the freshwater crustacean Daphnia [12] . These bacteria most frequently infect Daphnia magna but are also found in D. pulex, D. longispina, and D. dentifera [10] . They have been recorded in Europe and North America, with a prevalence B 80% [9] . P. ramosa are obligate extracellular parasites that grow in the body cavity of their hosts and produce several million endospores. Infected hosts suffer greatly decreased fecundity [11] , which influences their population dynamics [6] . Transmission is strictly horizontal (waterborne) through spores released from the remains of dead hosts. These spores can remain dormant in pond sediment for decades [7] .
Multiple-locus variable-number-of-tandem-repeats (VNTR) analysis is the method of choice for variability studies of many bacterial species, especially pathogens [16, 17, 19, 20 (review) , 21, 26] . Indeed, VNTRs often provide a high level of discriminatory power for strain differentiation because of their high mutability [27] . Recently, VNTR markers were developed in P. ramosa [22] . In that study, genetic diversity was estimated based on sediment samples from different locations. A large degree of polymorphism was revealed within the material surveyed, indicating that these markers may constitute good tools for epidemiologic studies of natural populations. However, a better understanding of their effectiveness in determining the level of genetic diversity among P. ramosa isolates is a prerequisite for more effective survey.
In the present article, seven polymorphic VNTR markers were applied to study the genetic relationships among P. ramosa isolates found in field populations of Daphnia. Two species of Daphnia were collected, D. dentifera and D. magna, in three different geographic locations: the United Kingdom, Belgium, and the United States. Genetic diversity and relationships among populations were estimated using three similarity coefficient calculations: the Jaccard, Dice, and simple match coefficients [18] . Principal component analysis (PCA) showed that the VNTRs are able to discriminate between populations of P. ramosa. The Pasteuria-Daphnia system has been a model for many experimental studies of host-parasite interactions [10] . It is therefore of great interest to develop valuable molecular markers that provide information on the epidemiology, diversity, and evolution of P. ramosa in wild populations.
Materials and Methods
Strains DNA of P. ramosa was extracted from 18 infected Daphnia collected in the field. Two Daphnia species were collected: Daphnia magna and D. dentifera. Infected D. dentifera came from two lakes in Michigan: Sherman Lake (Barry county; latitude 42.35°N, 85.39°W) and Pine Lake (Kalamazoo county; latitude 42.57°N, 85.39°W). Infected D. magna were collected in one pond in each in Belgium and the United Kingdom (Table 1) .
DNA Extraction and PCR Amplification
Bacterial DNA was extracted using the EZNA Tissue DNA kit (Peqlab, Erlangen, Germany). Daphnia were individually crushed in microtubes containing 200 ll TL buffer and 25 ll proteinase K and maintained for 2 to 3 hours at 55°C. Final elution volume was 100 ll. Polymerase chain reaction (PCR) amplification of seven VNTR loci [22] was carried out using seven primer sets ( DNA. Thermal cycling conditions were 15 minutes at 94°C followed by 40 cycles of 30 seconds at 94°C, 30 seconds at 50°C, and 1 minute at 72°C. Final elongation was 10 minutes at 72°C. Negative controls were done on DNA extracted from uninfected Daphnia magna to ensure that the VNTR amplicons were derived from the P. ramosa DNA.
Automated Genotype Analysis
The PCR products were electrophoretically analysed with an ABI 310 DNA sequencer. Genetic Analyser and Genemapper software packages (Applied Biosystem, Warrington, UK) were used to analyse sample sizes as described in Mouton et al. [22] .
Data Analysis
Genetic similarities and relationships among the samples were estimated by multivariate analysis based on the presence or absence of each detected allele at each locus. A similarity matrix was calculated from these data based on the proportion of shared alleles across all loci. The genetic dissimilarity between pairs of individuals was estimated for all possible pair-wise comparisons within and between populations using three different coefficients: the Jaccard, Dice, [23] , and simple match coefficients [25] . We denoted as ''A'' the number of alleles common to both individuals and populations, as ''B'' the number of alleles unique to the first individual and population (i 1 ), as ''C'' the number of alleles unique to the second individual and population (i 2 ), and as ''n'' the total number of alleles that appeared in at least one of the two individuals and populations (i 1 and i 2 ). Coefficients of dissimilarity between individuals and populations i 1 and i 2 could then be calculated as follows [18 (review) 
In addition, the VNTR marker data for the 18 daphnia samples were scored for the two first principal components, and PCA was plotted using Multi-Variate Statistical Package Version 3.1 (Kovach Computing Services). Table 3 lists the alleles present at the seven primer sets for each of the 18 samples screened. A summary of the alleles' size-range and the corresponding numbers of repeats are listed in Table 2 . For all these primers, PCR allowed amplification of the field samples irrespective of the host, D. magna or D. dentifera, indicating that the VNTR regions selected for typing were conserved among the P. ramosa that infected different Daphnia species. However, we failed to amplify some samples from the United States with the primer set Pr3, which may be explained by mutations in the binding regions of the primers, resulting in the loss of the PCR product (null alleles). Except for Pr SSR9, all markers proved to be effective in discriminating the isolates analysed, especially Pr SSR1, for which each population had a specific allele. However, the extent of polymorphism was variable, with as many as 5 alleles/ locus observed in Pr SSR7. For this locus, some individuals harbour two different alleles, which may reflect the simultaneous presence of [ 1 P. ramosa clones within a host individual. However, we cannot fully exclude the existence of a technical artefact caused by PCR stutter or the instability of this marker because repetitive DNA sequences has been described in other repetitive DNA in eukaryotes and prokaryotes [1, 2] . Further investigations are necessary to test these hypotheses.
Results

VNTR Amplification
Genetic Similarities and Relationships Among Isolates
Genetic distances of P. ramosa between and within the four infected host populations sampled were estimated using dissimilarity coefficients based on the proportion of shared alleles of P. ramosa among Daphnia individuals across the seven VNTR loci. According to Kosman and Leonard [18] , Dice's coefficient is the more appropriate measure for studying similarity between haploid individuals with VNTR markers. However, two other coefficients of dissimilarity commonly used for comparison between individuals, the Jaccard and simple match coefficients, were also calculated to test the robustness of the comparisons (Table 4 ). These three indices gave similar results (Spearman order rank correlation coefficient, rho = 1), Kingdom population having the lowest and the American population from Pine Lake the highest level of dissimilarity, i.e., individual infections were the least similar within the AM Pi population.
PCA performed on the 18 samples reflected a strong clustering by location of origin but did not show clustering by host Daphnia species (Fig. 1) . Data are shown for the first two components axes, representing 40.2% and 27.2% of the total variation, respectively. Belgium and United Kingdom bacteria were collected from the same Daphnia species, D. magna, whereas bacteria from the two American populations were isolated from D. dentifera. Data also showed that the populations collected in two different lakes in United States were distinct.
Discussion
Recently, the first molecular markers discriminating P. ramosa isolates were described [22] . To date, the only way to classify Pasteuria strains was through their infection x: Amplification failed a for abbreviations see Table 1   Table 4 Genetic dissimilarities between P. ramosa samples
The genetic distances within and between P. ramosa populations were estimated on the basis of the Jaccard, Dice and simple match dissimilarity coefficients as described in the material and methods section. profile [3, 5, 24] . In this article, we used available VNTR markers to evaluate genetic diversity and relationships of P. ramosa in infected Daphnia individuals and populations from the United Kingdom, Belgium, and the United States. This study of P. ramosa epidemiology showed that these markers are informative in revealing genetic differences among populations. The genetic distance between pairs of P. ramosa isolates from individual Daphnia at the four geographic locations was estimated on the basis of three similarity coefficients (the Jaccard, Dice, and simple match coefficients). The values obtained with these coefficients showed that the extent of genetic diversity among populations varies, but that in all cases, genetic similarity is higher within than between populations. Allozyme analysis of D. magna populations revealed strong genetic divergences in relation to geographic distance [13] . Therefore, these results could reflect a specialization of parasites to the local host genotypes, which is consistent with previous data showing specific Daphnia clone-P. ramosa isolate interactions [3, 8] . A geographic pattern of population differentiation was revealed by PCA. However, the influence of geographic distance between populations is difficult to test here because the P. ramosa isolates came from two host species: D. magna and D. dentifera. Surprisingly, the P. ramosa infecting these two different Daphnia species showed no split, suggesting that the Daphnia species does not affect the genetic diversity of P. ramosa; however, more investigations are needed to clarify this question. Although the four populations showed clear genetic differences, there was also some within-population variation among bacteria from different host individuals. Large within-population variation has been reported before for P. ramosa, but it was based on phenotypic infection profiles [3, 13] and thus attributed to local coevolution between hosts and parasites.
We demonstrated that VNTRs are a useful resource for studying genetic diversity in P. ramosa. Therefore, this method can be used in epidemiologic and phylogenetic studies. It has been suggested that parasite genetic variability is a driving force of host and parasite evolution and host-parasite arms races [14, 15] . Moreover, the effect of parasite infection on host reproduction and survival, combined with genetic variation in the host-parasite association, might be responsible for coevolution based on frequency-dependent selection [3] . Investigating the genetic variability of hosts (microsatellite markers have been developed in D. pulex [4] and D. magna (I. Colson, in preparation) and their parasites is a way to test the hypothesis of coevolution between P. ramosa and their hosts.
